ABSTRACT: As grain prices have increased dramatically in the past year, understanding the fundamental genetic, cellular, and biochemical mechanisms responsible for feed efficiency (FE; g of gain/g of feed) or residual feed intake (RFI; an alternative feed efficiency trait that quantifies interanimal variation in DMI that is unexplained by differences in BW and growth rate) in livestock and poultry is extremely important with respect to maintaining viable meat production practices in the United States. Although breed and diet have long been known to affect mitochondrial function, few studies have investigated differences in mitochondrial function and biochemistry due to interanimal phenotypic differences in FE or RFI (i.e., variation among animals of the same breed and fed the same diet). This paper reviews existing literature on relationships of mitochondrial function and biochemistry with FE and RFI in poultry and livestock. The overall goal of all of this paper is to assist the development of tools (e.g., genetic markers or biomarkers) to aid commercial breeding companies in genetic selection that, in turn, will help maintain viable livestock and poultry industries in the United States and around the world.
INTRODUCTION
Rising costs of feed, fuel, and fertilizer due to the implementation of biofuel policies and growing global demand for animal protein (Steinfeld et al., 2006) have intensified focus on developing selection strategies to improve feed efficiency (FE) in poultry and livestock production systems. An important part of the variation in feed intake (FI) among animals of similar biotype and under similar management is directly related to differences in BW and level of production (e.g., ADG or egg mass). When variation in FI due to these component traits is taken into account, large differences between animals remain, which has been defined as residual FI (RFI; feed consumed above or below expected requirements for maintenance and production). Studies in poultry and livestock have demonstrated substantial variation in RFI, thus providing unique opportunities to systematically explore the biological sources of interanimal variations associated with FE. Further knowledge of the biochemical and physiological mechanisms that control FI and energy metabolism is needed to facilitate discovery of the genetic basis for FE or RFI. Bottje et al. (2002) hypothesized that because mitochondria are responsible for producing 90% of cellular ATP, variations in broiler growth performance and phenotypic expression of FE (Emmerson, 1997; Havenstein et al., 2003) could be due, in part, to inefficiencies in mitochondrial function. Indeed, differences in mitochondrial O 2 use have been reported between breeds of chickens (Mukherjee et al., 1970; Dziewiecki and Kolataj, 1976; Brown et al., 1986) , sheep and swine Association of mitochondrial function and feed efficiency in poultry and livestock species 1 (Wolanis et al., 1980; Dzapo and Wassmuth, 1983) , and dietary manipulations (Renner et al., 1979; De Schrijver and Privett, 1984; Toyomizu et al., 1992a,b,c) . However, there were no studies in which associations of mitochondrial function and FE were made within a single breed of animals fed the same diet . Since 2002, there have been several reports on relationships of mitochondrial function and biochemistry with ADG (e.g., Lutz and Stahly, 2003; Nisoli et al., 2003; Iqbal et al., 2004 Iqbal et al., , 2005 Ojano-Dirain et al., 2004 , 2005a ,b, 2007b Sandelin, 2005; Kolath et al., 2006a; Lancaster et al., 2007) . Thus, this paper reviews these studies to provide greater insight into the cellular basis of FE.
PRODUCTION EFFICIENCY
Adoption of numerous technologies by the poultry and livestock industries has led to substantial improvements in the productivity of meat-production systems during the past 50 yr. This was clearly evident when the performance of broilers from a 1957 random-bred strain was compared with a 2001 commercial-broiler strain while fed diets typical for each time period (Havenstein et al., 2003) . The modern broilers required one-third the time to reach a market weight of 1.8 kg and did so with one-third the amount of feed compared with the 1957 broilers. Havenstein et al. (2003) concluded that 85 to 90% of these performance gains were due to genetic selection, whereas the other 10 to 15% was the consequence of improvements in nutrition and other management practices. During the last 50 yr, beef produced per head of cattle has increased 80%, whereas total beef produced in the United States has more than doubled (Elam and Preston, 2004) . Most of these gains were realized through the use of grain-feeding production systems, adoption of nutrition, reproductive and pharmaceutical-based technologies, and the application of crossbreeding and selection programs that focused on output traits (e.g., growth, carcass quality, etc.). In contrast to the poultry industry, beef productivity gains have been achieved in the absence of direct selection to reduce feed inputs, and in fact, there is little evidence that genetic merit for FE or maintenance energy requirements have been favorably altered in beef cattle during the past 50 yr (Archer et al., 1999; Johnson et al., 2003) .
Most early research that examined genetic variation in efficiency focused on the use of ratio-based traits, such as FE (G:F) or feed conversion (FCR; feed to gain ratio; Table 1 ). Numerous studies have demonstrated that FCR is moderately heritable in poultry and livestock species. However, because FCR is strongly correlated with production (e.g., growth) and influenced by maturity pattern, it is difficult to distinguish variation in FCR related to level of production from variation related to net FE. Moreover, direct selection to improve FCR will increase mature size of female progeny, resulting in greater maintenance energy costs (Taylor, 1985) , which is particularly undesirable for integrated beef production systems. The use of ratio-based traits in breeding programs can also result in erratic selection responses due to their poor statistical properties (Gunsett, 1984) .
An alternative approach to measuring FE involves partitioning feed inputs into maintenance and production components. Linear regression methods can be used to compute expected FI based on mid-test BW 0.75 , growth rate (with or without adjustment for composition of gain) and egg or milk production, and the difference between actual and expected FI defined as RFI. Residual feed intake quantifies interanimal variation in FI that is net (more or less) the feed required for maintenance (estimated by BW) and production (estimated by ADG, milk production, or egg mass). Residual feed intake is phenotypically independent of BW and level of production (e.g., ADG, egg mass) as would be expected because, by definition, it has been adjusted for these traits. Studies across multiple species have generally found that 60 to 80% of the interanimal variation in FI is accounted for by differences in BW and level of production, which means that RFI typically accounts for approximately 20 to 40% of the phenotypic variation in FI.
Residual feed intake has been shown to be moderately heritable in laying hens [0.20 to 0.50 (Wing and Nordskog, 1982; Bentsen, 1983; Bordas et al., 1992; Schulman et al., 1994) ], growing pigs [0.23 to 0.38 (Mrode and Kennedy, 1993; Nguyen et al., 2005; Cai et al., 2008) ], and growing beef cattle [0.28 to 0.39 (Koch et al., 1963; Arthur et al., 2001a; Schenkel et al., 2004; Nkrumah et al., 2007) ]. With a few exceptions, RFI has been shown to be genetically independent of BW and level of production. Thus, in selection studies with laying hens , pigs (Cai et al., 2008) , and beef cattle (Arthur et al., 2001b) , progeny from parents divergently selected for RFI had substantial differences in FI, but similar BW and production performance. These studies indicate that selection for low RFI will lead to reductions in feed inputs without compromising production, thereby improving FE. In fact, the absolute genetic correlations between RFI and FE or FCR are strong and generally range from 0.60 to 0.75 in growing livestock species (Arthur et al., 2001a,b; Cai et al., 2008) . Although beyond the scope of this review, several genetic associations between RFI and other economically important traits (e.g., meat quality and reproduction) have been demonstrated (see Pitchford, 2004) . For example, Morisson et al. (1997) hypothesized that divergent selection for RFI may have altered cellular functions related to energy production of sperm in cockerels. In male birds selected for high RFI (i.e., inefficient feed utilization), mitochondrial content and motility of sperm were less and resulted in a greater percentage of unfertilized eggs compared with males selected for low RFI.
Residual feed intake, in essence, quantifies the variance in feed energy intake above or below average energy requirements for maintenance and production derived from a contemporary group of animals of similar biotype and management. Thus, RFI reflects inherent interanimal variation in biological processes associated with FE, such as nutrient digestion, body composition, heat increment of feeding, basal metabolism, or energy expenditures associated with physical activity and thermoregulation (Archer et al., 1999) . concluded that variation in RFI of White Leghorn hens was primarily related to differences in maintenance energy requirements. found that 30 to 50% of the difference in total energy expenditures between hens with divergent RFI phenotypes was explained by activity-related expenditures, and suggested that the remaining 50 to 70% was due to differences in basal metabolism or heat increment. Adult cockerels (Geraert et al., 1991) and hens (Gabarrou et al., 1998) selected for high RFI consumed 40 and 48% more feed and had 29 and 32% greater total energy expenditures, respectively, than those selected for low RFI. Surprisingly, birds selected for high RFI were leaner (Gabarrou et al., 1998; Swennen et al., 2007) . Although no differences in digestibility or basal metabolism (i.e., fasting heat production) were found between selection lines, heat increment of feeding was substantially greater in both cockerels and hens selected for high RFI. Activity-related energy expenditures accounted for 25% of the increase in heat increment of feeding in high RFI cockerels (Gabarrou et al., 1997b) . Inhibition of hepatic deiodinase conversion of T 4 to T 3 with iopanoic acid (Gabarrou et al., 1997a) and β-adrenergic activity with propranolol (Gabarrou et al., 1997b ) mitigated the increase in heat increment associated with feeding in cockerels selected for high but not low RFI. These studies revealed that thyroid hormone-and catecholamine-mediated mechanisms regulating dietary-induced thermogenesis (independent of activity-related expenditures) play a key role in accounting for the genetic variation in energy expenditures associated with RFI in birds. Herd et al. (2004) estimated that one-third of the biological variation in RFI of growing beef calves, could be explained by interanimal differences in digestion, heat increment, composition of gain and activity, and posited that the remaining two-thirds of variation in RFI may be linked to interanimal differences in energy expenditures associated with biological processes like protein turnover, ion pumping and mitochondrial proton leakage. From energy-balance studies in growing steers, RFI was positively correlated (r p = 0.56) with heat production (Basarab et al., 2003) and maintenance energy requirements [r p = 0.42 (Castro Bulle et al., 2007) ]. Nkrumah et al. (2006) found that steers with low RFI phenotypes produced 21% less heat, had 28% less methane energy losses, and had 11% greater digestible energy compared with high RFI phenotype steers. Greater total digestibility was also reported in calves with low RFI (Richardson et al., 1998; Krueger et al., 2008) . In contrast, De Haer et al. (1993) found no differences in diet digestibility between animals with divergent RFI in poultry or pigs.
Interanimal variation in total energy expenditures of animals that are of similar biotype and under similar management may arise from a host of cellular energyconsuming processes. Possible physiological processes that may account for interanimal variation in energy expenditures include ion pumping (i.e., Na + /K + ATPase), mitochondrial proton leak, uncoupling proteins (UCP), thyroid hormones, leptin, IGF-I, lipid metabolism enzymes, or sympathetic activity (Johnson et al., 2003) . Of these physiological processes, it has been estimated that mitochondrial proton leak, Na + /K + ATPase, and protein turnover each contribute approximately 20% to the total interanimal variation in basal energy expenditures (Brand, 1990; Rolfe and Brand, 1997) . Castro Bulle et al. (2007) found that maintenance energy requirements of steers were phenotypically correlated (r p = 0.76) with fractional protein degradation rates, confirming that protein turnover of myofibrillar protein is a significant source of interanimal variation in energy expenditures. In rats, Harper et al. (2002) concluded that approximately 26 and 52% of variation in basal energy expenditures were related to interanimal differences in proton-leak-dependent O 2 consumption in liver and skeletal muscle tissues, respectively.
In studies designed to examine the associations between mitochondrial function and FE in broilers that are described subsequently, typically 6 to 10 of the most efficient (high FE or HFE) and 6 to 10 of the least efficient (low FE or LFE) phenotypes were selected from a population of 100 birds (e.g., Bottje et al., 2002) . To examine the relationships between FE and RFI in these populations, data obtained from 1 of these studies (Ojano-Dirain et al., 2004) were used. The HFE and LFE broiler phenotypes were those that were one-half an SD above or below the average FE for the group, respectively ( Table 2 ). The broilers with HFE pheno-types had lighter initial BW and faster BW gains, but similar FI compared with the LFE broilers. Residual feed intake was substantially less (i.e., more efficient) in broilers with HFE compared with LFE, and RFI was strongly corrected with FE in this population ( Figure  1 ). The broilers selected for mitochondrial function or biochemical studies were identified on the basis of having divergent FE phenotypes (▲ for the LFE broilers and ♦ for the HFE broilers). As shown in Figure 1 , the LFE and HFE broilers used in the study of OjanoDirain et al. (2004) also had divergent RFI of 129 and -100 g/wk, respectively.
MITOCHONDRIA

Overview
Kölliker first described mitochondria over 150 yr ago (see Lehninger, 1965) . Mitochondria generate approximately 90% of cellular ATP (Lehninger et al., 1993) and play important roles in thermogenesis, apoptosis, and cellular calcium homeostasis (Rossignol et al., 2000) . Mitochondria are often found adjacent to the endoplasmic and sarcoplasmic reticulum (Sharma et al., 2000) and are influenced by ATP and ADP gradients The low and high FE broiler phenotypes were ± 0.50 SD from the mean FE of 0.60 ± 0.06.
Figure 1.
Relationship between residual feed intake (RFI) and feed efficiency (FE; G:F) in growing broilers (from Ojano-Dirain et al., 2004) . Data were calculated for a group of 100 individually fed broilers from which biochemical analysis was carried out on low FE (solid triangles, n = 10) and high FE (solid diamonds, n = 9). Open circles designate broilers in the rest of the group of 100 males that were not sampled during the study. Residual feed intake was computed as actual minus expected feed intake based on regression of feed intake on gain and mid-test BW 0.75 . Mitochondrial function and feed efficiency E51 (Scheffler, 1999) . The outer mitochondrial membrane is a simple phospholipid bilayer, whereas the inner mitochondrial membrane is highly convoluted, forming folds called cristae that greatly increase its surface area. The electron transport chain (ETC) resides within the inner mitochondrial membrane. Thus, unlike other cell membranes that have approximately a 50:50 ratio of protein to lipid, the inner mitochondrial membrane has approximately 70% protein and 30% lipid and contains cardiolipin, which is unique to mitochondria (Hoch, 1992) .
Mitochondrial Energy Production
The mitochondrial ETC, first reported by Kennedy and Lehninger (1949) , consists of 5 multi-protein enzyme complexes: complex I (NADH: ubiquinone oxidoreductase), complex II (succinate:ubiquinone reductase), complex III (ubiquinol:cytochrome c oxidoreductase), complex IV (cytochrome c oxidase), and the F 1 F 0 ATP synthase or ATPase (complex V), and 2 mobile electron (e -) carriers, ubiquinone (Q), and cytochrome c (cyt c; Figure 1 ). Electrons enter the ETC at complex I (for NADH-linked substrates, such as malate and pyruvate), whereas succinate donates e -at complex II (FADH 2 -linked substrate). Ubiquinone carries e -from complex I and II to complex III, whereas cyt c shuttles e -from complex III to complex IV. Electron transfer to the terminal e -acceptor, O 2 , is accompanied by proton movement into the intermembranous space, creating a proton motive force. Proton motive force, consisting of a membrane potential and a pH gradient, provides energy for ATP synthesis as protons flow into the matrix through ATP synthase (complex V). Protons can also cross the mitochondrial membrane at sites other than the ATP synthase via UCP, or in a process called proton leak that dissipates the membrane potential without concomitant ATP synthesis.
Mitochondrial Genome
Mitochondria have a discrete mitochondrial DNA that works in concert with nuclear DNA for mitochondrial protein synthesis. The mitochondrial DNA encodes 22 tRNA, 2 rRNA and 13 ETC proteins, whereas nuclear DNA encodes the rest of the mitochondrial proteins (Anderson et al., 1981) . The nuclear-encoded proteins are synthesized and imported into the mitochondria and assembled with mitochondrial-encoded proteins to form the functional ETC (Rabilloud et al., 2002) . Thus, a complex communication between mitochondria and the nucleus exists to coordinate mitochondrial biogenesis and function (Poyton and McEwen, 1996) .
Mitochondrial Function
Mitochondrial function is assessed by monitoring O 2 consumption in freshly isolated mitochondria during initial respiration (state II), active respiration (state III) following ADP addition, and resting respiration (state IV) when ADP levels become limiting (Estabrook, 1967) . Coupling of the ETC can be assessed by the respiratory control ratio (RCR, state III respiration/state IV respiration) and by the acceptor control ratio (ACR, state III/state II respiration). Values of less than 2 for RCR indicate poorly coupled mitochondria (Estabrook, 1967) . Proton leak, that is, protons flowing back into the matrix other than through the F 1 F 0 ATP synthase, increases state IV respiration and decreases RCR (Brand et al., 1994) . The ADP to oxygen ratio (ADP:O), the efficiency of ATP synthesis coupled to cell respiration, is calculated by dividing the nanomoles of ADP by the amount of O 2 consumed during state III respiration (Estabrook, 1967) .
Mitochondrial Oxygen Radical Production and Dysfunction
The ETC is recognized as a major source of reactive oxygen species (ROS) production and endogenous oxidative stress. Between 2 and 4% of the total O 2 consumed by mitochondria is converted to ROS by univalent reduction of O 2 to form superoxide (O 2
•-
) as a result of e -leakage from the ETC (Boveris and Chance, 1973; Chance et al., 1979; Turrens and Boveris, 1980 (Yu, 1994) . Well-known sites of ETC generation of O 2
•-and H 2 O 2 are at complex I and III (Chance et al., 1979; Turrens and Boveris, 1980; Nohl et al., 1996) . Reactive oxygen species are normally metabolized by antioxidants, and a certain level of ROS is needed in normal cell functions [e.g., signal transduction pathways (Giulivi and Oursler, 2003) ]. Recent studies also indicate "a homeostatic role for ROS in maintaining stable respiratory phenotypes across genetic variants of the mitochondrial genome" (see Baughman and Mootha, 2006) . Mitochondrial dysfunction from ROS has been linked to certain diseases in humans (Feigal and Shapiro, 1979; Shigenaga et al., 1994; Herrero and Barja, 1998; Madesh et al., 2000; Rustin and Rotig, 2001 ) and pulmonary hypertension syndrome in broilers (Cawthon et al., 1999 Iqbal et al., 2001; Tang et al., 2002) , as well as in FE phenotypic expression (below).
FEED EFFICIENCY AND MITOCHONDRIAL FUNCTION
Mitochondrial Function and FE
Studies of mitochondrial function and FE began with breast muscle because it is economically important and skeletal muscle accounts for 20 to 30% of the total resting O 2 consumption (Owen et al., 1978; Zurlo et al., 1990) . Breast and leg mitochondria obtained from HFE broiler males had decreased RCR values (i.e., better coupling) compared with LFE mitochondria when provided pyruvate and malate (NA-DH-linked substrates), but there were no differences in RCR with succinate, suggesting that a site-specific defect may be present in complex I in LFE muscle mitochondria. There were no differences in the ADP:O, indicating the same ability to carry out oxidative phosphorylation (OXPHOS) in muscle mitochondria from LFE and HFE birds. Subsequent studies were conducted in various tissues [i.e., breast muscle, leg muscle, intestine, heart, lymphocytes, and plasma (Iqbal et al., , 2005 Ojano-Dirain et al., 2004 , 2005a ,b, 2007b Pumford et al., 2004; Tinsley et al., 2004; ]. Out of a group of 100 breeder male replacement stock that were individually phenotyped for FE, mitochondria or tissues were obtained from birds with the least or greatest FE (n = 6 to 10; e.g., see Figure  2 ).
Mitochondrial function was also assessed in duodenal mitochondria from LFE and HFE broilers (Ojano-Dirain et al., 2004 , 2005b . In these studies, greater RCR were observed in HFE mitochondria after the second addition of ADP with succinate, but not with NADH-linked energy substrates, indicating the possibility of a defect in ETC coupling in duodenal mitochondria from LFE birds associated with complex II. The ADP:O values obtained in these studies (Ojano-Dirain et al., 2004) indicated that OXPHOS could be superior in some cases to that seen in HFE duodenal mitochondria. Kolath et al. (2006a) and Lancaster et al. (2007) assessed mitochondrial function in steers with divergent RFI. Kolath et al. (2006a) reported a greater degree of coupling of the ETC, assessed either by RCR or ACR, in mitochondria isolated from the LM of low RFI (i.e., efficient) steers. Coupling was greater whether the mitochondria were provided NADH-linked or FADHlinked energy substrates. Similarly, Lancaster et al. (2007) reported greater RCR values in liver mitochondria from low RFI steers compared with high RFI (i.e., inefficient) steers. As in broilers, these groups reported no difference between low and high RFI steers in the ability of mitochondria to carry out OXPHOS.
A summary of mitochondrial function studies conducted in broilers and steers that were more efficient (i.e., HFE and low RFI) compared with less efficient animals (i.e., LFE and high RFI) is provided in Table  3 . With the exception of duodenal mitochondria provided NADH-linked substrates (Ojano-Dirain et al., 2004) , ETC coupling assessed by either RCR or ACR was better in the more efficient animals, and mitochondria from the less efficient animals were able to carry out OXPHOS with either NADH-or FADH 2 -linked energy substrates as well as or better than mitochondria from the more efficient animals.
Site-Specific Defects in Electron Transport
Site-specific defects in e -transport can be assessed with specific chemical inhibitors that enhance e -leak and ROS production [e.g., O 2
•-and H 2 O 2 (Chance et al., 1979; Barja, 1999) ]. In our studies, we added super- oxide dismutase to convert all O 2
•-to H 2 O 2 that could be detected fluorescently using dichlorofluorosein (see Iqbal et al., 2001) . With the exception of leg muscle, greater basal H 2 O 2 levels were consistently observed in mitochondria from breast muscle, liver, and duodenum isolated from LFE broilers . These studies revealed defects in e -transport in LFE muscle mitochondria within complex I and III (i.e., antimycin sensitive site) and in complex II in duodenal mitochondria Ojano-Dirain et al., 2005b) . Unlike mammals in which complex II is not regarded as a major source of O 2
•- (Miwa et al., 2003) , we have observed that complex II could contribute to increased ROS production in broilers with LFE (Ojano-Dirain et al., 2004 , 2007b and pulmonary hypertension .
Differences in H 2 O 2 production between muscle and intestine imply that sites of e -leak may be tissue-dependent, as suggested by Kwong and Sohal (1998) , and reflect the physiological function of the tissue. Reactive oxygen species can induce apoptosis (programmed cell death) (e.g., Simon et al., 2000) and have been hypothesized to play a role in cell sloughing from the intestinal villus tip where oxidative stress is greater than in crypt cells (Madesh et al. 2000) . In both duodenal and muscle tissue, increased mitochondrial H 2 O 2 production may oxidize proteins (discussed below). Baughman and Mootha (2006) suggested that a reduction in OXPHOS function observed in some mitochondrial DNA variants can be compensated for by enhanced ROS production because ROS can acutely regulate ATP production by activating UCP (Echtay et al., 2002) . Miwa et al. (2003) also demonstrated that uncoupling with carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) reduced mitochondrial O 2
•-production in Drosophila. Ojano-Dirain et al. (2007b) reported that adding 200 to 800 nM FCCP decreased H 2 O 2 production in mitochondria from LFE but not HFE broilers. We had hypothesized that greater basal H 2 O 2 consistently observed in mitochondria from LFE broilers would be associated with less mitochondrial membrane potential because mild uncoupling is a means to attenuate mitochondrial ROS production (Skulachev, 1998; Echtay et al., 2002; Miwa et al., 2003) ; however, the opposite relationship was observed (Ojano-Dirain et al., 2007b) . It is possible that feedback of O 2
•-may have increased proton conductance maximally (i.e., decreasing membrane potential) in LFE mitochondria to attenuate mitochondrial ROS production.
Feed Efficiency and Mitochondrial Biochemistry
Complex Activities. We hypothesized that LFE mitochondria would have less complex activities due to ROS-mediated oxidation of proteins . Ojano-Dirain et al. (2005a) reported no difference in complex activities between LFE and HFE duodenal mitochondria (Ojano-Dirain et al., 2005a) , but in other studies a general decrease in all complex activities (with one exception in complex IV of the duodenum) was observed in LFE compared with HFE mitochondria (Figure 3) . These results indicate that ETC complex activities in muscle, liver, and duodenal mitochondria may be compromised with LFE. These findings concur with previous reports of less complex activities associated with increased ROS production (Sohal, 1993; Petrosillo et al., 2003; Ferguson et al., 2005) or following H 2 O 2 treatment of intestinal mitochondria (Li et al., 2002) . Additionally, Ojano-Dirain et al. (2005a) reported positive correlations between reduced glutathione (an important mitochondrial antioxidant, as discussed subsequently) and activities of complex II, IV, and V, indicating that antioxidant protection is important in Bottje and Carstens
E54
optimal activity of the ETC. Thus, it is reasonable to hypothesize that some of the general decrease in complex activities in LFE could be attributed to ROS-mediated damage to the protein complexes. In contrast to the results for broilers discussed previously, Sandelin (2005) reported that activities of all 5 ETC complexes were greater in mitochondria from neck muscle of LFE steers compared with HFE steers. The reason(s) for the opposite results in steers compared with results obtained in broilers is not apparent. Sandelin (2005) also reported greater protein carbonyl levels in neck muscle mitochondria from LFE steers, which is similar to observations of greater protein oxidation in broilers, as discussed subsequently. Oxidative Stress and Protein Oxidation. The glutathione (GSH) redox system consisting of reduced GSH and the GSH recycling enzymes, GSH peroxidase and GSH reductase (Meister, 1984) , is a vital defense mechanism of mitochondria against free radical damage because mitochondria lack the ability to synthesize GSH (Meister, 1984) , and to export oxidized GSH (GSSG; Olafsdottir and Reed, 1988) . γ-Glutamyl synthase is the rate limiting enzyme in GSH synthesis. The GSH is synthesized in the cytosol and imported into the mitochondria. The GSSG to GSH ratio is used as an indicator of oxidative stress (Kidd, 1997) and reduced GSH is important in protecting the ETC from oxidation (e. g., Bolaños et al., 1996; Cardoso et al., 1999) . With elevated ROS production in LFE mitochondria, we hypothesized that LFE broilers would experience greater oxidative stress than HFE broilers. The GSSG to GSH ratio tended to be greater (P < 0.08) in duodenal mitochondria from LFE broilers, suggesting the presence of a mild oxidative stress (Ojano-Dirain et al., 2005a) .
Mitochondrial ROS have the potential to oxidize critical structures such as proteins, DNA, and lipids (Yu, 1994) . Oxidative damage can lead to further inefficiencies and produce a vicious cycle with more and more ROS generation. Elevated ROS in mitochondria can also cause DNA mutations resulting in mistranslated RNA and proteins (e.g., Crawford et al., 1997) . The restricted availability of mitochondrial-encoded subunits or the occurrence of incorrect subunits has also accounted for diminished complex activities and respiration capacity of mitochondria (Wallace, 1999) .
Protein carbonyls are a major indicator of protein oxidation (Stadtman and Levine, 2000) and have been associated with aging and certain metabolic diseases (e.g., Dalle-Donne et al., 2005) , as well as with ad libitum feeding (Lass et al., 1998) . With greater H 2 O 2 production consistently observed in LFE mitochondria, we hypothesized that increased protein oxidation would occur in tissue and mitochondria in LFE phenotypes. Breast muscle mitochondria, as well as gut, leg, heart, liver, and lymphocyte homogenates from LFE birds, exhibited greater (P ≤ 0.05) total protein carbonyls compared with HFE birds (Figure 4) , which supports previous observations of greater oxidative stress in LFE mitochondria (Iqbal et al., , 2005 Ojano-Dirain et al., 2005b , 2007c Lassiter et al., 2006) . Protein carbonyls in mitochondria or tissue homogenate from LFE and HFE broilers were detected with Western blot using anti-dinitrophenyl antibody. Greater protein carbonyl content was also observed in neck muscle mitochondria of LFE steers (Sandelin, 2005) .
Ubiquitin is a highly conserved 76 AA polypeptide that conjugates with oxidized proteins to facilitate degradation and recycling of AA in proteosomes in a highly energy-dependent process (Mehlhase and Grune, 2002) . Ubiquitin content was greater (P < 0.01) in LFE compared with HFE broilers in breast homogenate ( Figure  5 ), which is consistent with greater protein carbonyl content in these animals, as described previously. Thus, oxidative stress may enhance protein turnover representing an additional inefficiency that could contribute to the phenotypic expression of LFE.
Protein Expression. Because ROS may affect protein expression (Crawford et al., 1997; Carper et al., 1999; Greiber et al., 2002; Li et al., 2002; Kemp et al., 2003) , studies were also conducted to assess mitochondrial ETC protein expression. Two proteins that appear to be differentially expressed with broiler FE phenotypes from several tissues were cytochrome oxidase (COX) II of complex IV and cyt c1 of complex III (Iqbal et al., , 2005 Ojano-Dirain et al., 2005b; Lassiter et al., 2006) . The expression of the ATP synthase-α subunit of complex V was greater in liver and lymphocytes from HFE broilers (Iqbal et al., 2005; Lassiter et al., 2006) , but was less in HFE compared with LFE duodenal mitochondria (Ojano-Dirain et al., 2005b) and not different between LFE and HFE groups in breast muscle . Adenine nucleotide translocase (ANT) was greater in LFE breast muscle but not different between FE groups in the liver (Iqbal et al., 2005) and duodenum (OjanoDirain et al., 2005b) . The ANT exchanges ATP with ADP across the mitochondrial membrane. In cattle, ANT expression was greater in neck muscle obtained from HFE steers (Sandelin, 2005) . However, expression of many other proteins in liver, muscle, and heart tissues was not different between FE broiler phenotypes (Iqbal et al., , 2005 Tinsley et al., 2004) . Lassiter et al. (2006) reported that expression was greater in HFE lymphocytes for Core I and cyt-c I subunits (of complex III) and α-ATP synthase (complex V), whereas the 30 subunit of complex II (CII 30) and COX II subunit (complex IV) were greater in lymphocytes obtained from the LFE phenotype broilers. Because lymphocytes contain mitochondria and are easily obtained, it could prove to be a good source to assess potential biomarkers relative to efficiency and mitochondrial relationships. In the duodenum, 6 of 8 nuclear-encoded proteins were greater in mitochondria from broilers with LFE, whereas 3 of 6 mitochondrial-encoded proteins were greater in mitochondria from HFE broilers (Ojano-Dirain et al., 2005b) .
There are many other proteins (e.g., structural, scaffolding, and transport proteins) that could impact mitochondrial function. Thus, we also identified differentially expressed proteins (both mitochondrial and extra-mitochondrial) using proteomics (i.e., 2-dimensional gel electrophoresis in combination with matrixassisted laser deionization-time of flight). These studies indicated that a large number of proteins are differentially expressed with FE phenotype. For example, collapsin-2, part of a group of semiphorin proteins (Adams et al., 1997) , was greater in lymphocytes obtained from LFE compared with HFE broilers . Proteins identified in other tissues as being at least 3-fold different in expression between groups were vinculin (a focal adhesion regulator involved in cell-cell communication), plasma transthyretin (a thyroid hormone and retinol transport protein), histone deacetylase (involved in gene regulation), and adophilin (associated with lipid accumulation; W. G. Bottje, unpublished observations). Further studies are needed to determine if these proteins are indeed differentially expressed and could be used as biomarkers for FE.
Gene Expression. Increased ROS may also alter gene expression (Crawford et al., 1997; Carper et al., 1999; Greiber et al., 2002; Li et al., 2002; Kemp et al., 2003) . For example, downregulation of mitochondrial RNA was observed in response to H 2 O 2 with 16S rRNA, a major component of mitochondrial ribosomes, and with NADH dehydrogenase subunit 6, ATPase subunit 6, and COX subunits I and III in hamster HA-1 fibroblasts (Crawford et al., 1997) . Treatment with 200 μM H 2 O 2 decreased mitochondrial RNA of NADH dehydrogenase subunit 4 by one-half within 1 h with a slower decrease observed for Cytochrome b, COX III, and 16S rRNA (Carper et al., 1999) . Conversely, Li et al. (2002) observed up-and downregulation of intestinal mitochondrial genes with treatment of 400 μmol/L or 4 mmol/L of H 2 O 2 , respectively. Differences in protein expression may likewise be due to induction of PPAR-γ and PPAR-γ coactivator-1-α (PGC1-α) that stimulate expression of 2 transcription factors: nuclear respiratory factor-1 and mitochondrial transcription factor A (Nisoli et al., 2003) . Thus, transcription factors and other genes encoding mitochondrial proteins may be critical determinants of cellular function associated with the phenotypic expression of FE in broilers. Expression of PPAR-γ was elevated in liver of chicks shortly after hatch and in response to refeeding in a line of chickens selected for rapid growth supporting a role of PPAR-γ in lipogenesis (Cogburn et al., 2007) .
Quantitative real-time PCR was used to evaluate mRNA of avian ANT (avANT), avian UCP (avUCP), COX III, inducible nitric oxide synthase, PPAR-γ, and PGC1-α in breast muscle and duodenum obtained from LFE and HFE birds (Figures 6 and 7A and B, OjanoDirain et al., 2005b, 2007c) . Similar to ANT content in liver and duodenum (Iqbal et al., 2005; Ojano-Dirain et al., 2005b) , there were no differences in duodenal ANT mRNA expression ( Figure 7A ). However, breast muscle avANT mRNA levels were less in LFE broilers (Figure 7B) . This is in contrast to previous observations of greater ANT-1 expression in LFE breast muscle . As indicated by Day and Tuite (1998) , this variation between ANT gene and protein expression could be because mRNA levels and protein expression do not always coincide due to mRNA stability and posttranslational modification of proteins (Day and Tuite, 1998) . Levels of COX III mRNA were not different in the duodenum of HFE and LFE birds ( Figure 7A ), but COX III mRNA levels in breast muscle were less in LFE birds ( Figure 7B ). Decreased mRNA expression of COX III in LFE breast muscle might be due to greater oxidative damage .
Avian UCP, predominantly expressed in skeletal muscle (Raimbault et al., 2001; Evock-Clover et al., 2002) , was detected in breast muscle but not in the duodenum (Ojano-Dirain et al., 2007c) , which concurs with Dridi et al. (2004) on distribution of avUCP. Kolath et al. (2006b) found no difference in UCP in high and low RFI in the LM in cattle. However, avUCP mRNA levels were greater (P < 0.07) in breast muscle of LFE birds (Ojano-Dirain et al., 2007c) , which is in agreement with Raimbault et al. (2001) who reported that avUCP mRNA levels were greater in leg muscle of a genetic line of chickens divergently selected for LFE compared with HFE phenotypes. Because uncoupling lowers O 2
•-production (Miwa et al., 2003) , greater avUCP mRNA abundance may be a mechanism to reduce the greater H 2 O 2 production observed in muscle of LFE birds and could also account for the decreased membrane potential in LFE duodenal mitochondria (Ojano-Dirain et al., 2007b) . In fact, it has been reported recently that ROS production can be potentially downregulated by greater avUCP levels after fasting (Abe et al., 2006) and that acute heat stress stimulates mitochondrial O 2
•-production in broiler skeletal muscle, possibly via downregulation of avUCP . Increased expression of PPAR-γ and PGC1-α that stimulate mitochondrial protein transcription was observed in adipose tissue of mice with LFE (Nisoli et al., 2003) . Although we observed greater PGC1-α protein in the liver of LFE broilers (Figure 6 ), there were no differences in PCG1-α mRNA expression in breast muscle and duodenum of LFE broilers (Figure 7) . Expression of PPAR-γ mRNA in duodenal tissue was greater in HFE compared with LFE broilers ( Figure 7B ). Cogburn et al. (2007) also found that PPAR-γ mRNA was greater in chickens selected for increased growth. Thus, more research is required to determine if these nuclear transcriptional factors are involved in the phenotypic expression of FE in broilers.
SYNOPSIS
In all studies in which protein oxidation was measured, protein carbonyl levels were greater in LFE broiler Ojano-Dirain et al., 2007a) and steer (Sandelin, 2005) phenotypes. Greater protein oxidation is undoubtedly a downstream event that is a consequence of prior biochemical events due to genetic predisposition to being less efficient animals. As such, protein oxidation would not be a good biomarker because it would not highlight early mechanisms at the root cause for greater protein oxidation. Evidence in broilers indicated that elevated mitochondrial ROS production is a likely cause of greater protein oxidation in LFE phenotypes. The one exception regarding mitochondrial ROS production and efficiency in broilers was in leg muscle mitochondria in which basal ROS production was not different between groups of animals . However, a marginally greater (P < 0.07) increase in ROS production was observed in response to rotenone (a complex I inhibitor), in leg muscle mitochondria from broilers with LFE compared with those with HFE . In contrast to broilers, Kolath et al. (2006a) reported that mitochondrial ROS production was greater in low RFI (i.e., efficient) steers, but this difference was abrogated when expressed as state II (resting) respiration rate divided by ROS production. The reason for the discrepancy between these studies is not readily apparent, especially given that greater protein oxidation was observed in LFE steers by Sandelin (2005) . Numerous differences exist between the studies with steers and broilers beyond obvious differences due to species. In cattle, FI was measured for more than 70 d compared with only 1 wk in broilers. Additionally, FE was measured during a much earlier stage of maturity in broilers, and broilers exhibited much greater rates of muscle accretion and decreased rates of fat accumulation compared with cattle.
Similar to studies in broilers , Kolath et al. (2006a) reported that steers with low RFI exhibited better ETC coupling (greater RCR) in muscle mitochondria that were provided NADH-linked energy substrate compared with steers with high RFI. However, unlike Kolath et al. (2006a) , no differences in ETC coupling were found in breast or leg muscle between LFE and HFE broilers when mitochondria were provided succinate as an energy substrate (see Table 2 ). These results illustrate the need for further studies to investigate the mechanisms responsible for interanimal variation FE at the mitochondrial level. Teasing apart these differences in cellular mechanisms may be difficult, but could be facilitated with cell lines established from different FE phenotypes. Figure 8 is an attempt to provide an overview of events that could be hypothesized to occur in mitochondria obtained from animals that are less efficient. Greater protein oxidation observed in less efficient broilers and steers is likely due to greater basal mitochondrial ROS production (1). Increased ROS production could oxidize proteins (2a), as well as mitochondrial and nuclear DNA (2b). Oxidation of proteins and DNA could exacerbate or magnify e -leak and ROS production due to functional changes in protein structure or from inappropriately synthesized proteins. Protein degradation and repair would represent additional energetic cost to the cell (3). Attenuation of e -leak and ROS production can be accomplished by enhancing mitochondrial proton leak (4) or uncoupling of the ETC in LFE mitochondria, but these events may not be sufficient to overcome the underlying defect of e -leakage. Therefore, the evidence outlined above points toward the possibility of an underlying α cause that is responsible to the initiation of e -leakage. Possibly, a simple mutation (e.g., an SNP) in 1 or more proteins (5) that causes a conformational change in the electron transport chain could be responsible for the initial e -leak, that then leads to downstream events (1 to 4), as demonstrated in mitochondrial tRNA for different cell lines that produced increased mitochondrial ROS production in vitro (Baughman and Mootha, 2006) .
SUMMARY AND CONCLUSIONS
Less ETC coupling and less complex activities were observed in mitochondria from LFE broilers, but a generalized decrease in protein or gene expression of mitochondrial and extra-mitochondrial proteins in mitochondria or tissue homogenate from LFE broilers was not observed. Greater H 2 O 2 production and greater protein oxidation were consistently observed in LFE broilers suggesting that these may be important mechanisms contributing to the phenotypic expression of LFE in broilers. Interestingly, Baughman and Mootha (2006) suggested that a reduction in OXPHOS function in some mitochondrial DNA variants can be compensated for by enhanced ROS production. Whether this is true in mitochondria from LFE broilers is yet unknown. Moreover, the important question of what is responsible for greater H 2 O 2 production and greater protein oxidation in LFE birds in the first place remains unanswered to this point. Thus, future studies could include investigation of upstream signals or key cellular pathways that can help us understand the cause of increased H 2 O 2 production in mitochondria from LFE broilers and the cellular basis of FE. 
